Pseudomonas putida mt-2, formerly known as Pseudomonas arvilla mt-2, which carries the wildtype TOL plasmid, and P. putida strain AC37 carrying TOL, were completely lysed by the pilusadsorbing plasmid-specific bacteriophages PR4 and PRD 1. Pseudomonas putida strain PpS388, also harbouring the plasmid, was not lysed. In a P. putida mt-2 host, TOL transferred 18-fold better on a surface (2.5 x 10-l transconjugants per donor h-l) than in liquid; when P. putida PpS388 was the host, however, a frequency of only 2.3 x transconjugants per donor h-' was obtained. Thus, TOL was derepressed for transfer in P. putida mt-2 and P. putida AC37, but not in P. putida PpS388. Electron microscopy revealed that TOL determined thick (8-5-10 nm diameter) flexible pili in large numbers, suggesting constitutive expression in its derepressed state.
I N T R O D U C T I O N
TOL is the best studied of the transmissible degradative Pseudomonas plasmids, and belongs to incompatibility group P-9 (Nakazawa & Yokota, 1973; Williams & Murray, 1974; Wong & Dunn, 1974; White & Dunn, 1978) . It can be transferred to Escherichia coli (Benson & Shapiro, 1978) where it does not express the Tol+ phenotype. Sensitivity to the conjugative pilus-specific bacteriophage PR4 (Stanisich, 1974; Bradley & Rutherford, 1975 ; Bradley, 1979) is specified by TOL to a limited extent in Pseudomonas aeruginosa strains, but apparently not in Pseudomonus putida (White & Dunn, 1978) . The state of repression of the conjugation system of the plasmid has not been defined, but a preliminary electron microscopic study of TOL conjugative pili revealed two kinds of filament in small numbers, suggesting repression (Bradley, 1 9 8 0~; Bradley, 1981) . One resembled a rigid type of conjugative pilus (Bradley, 1980a) , while it was thought that the other, which was flexible, was a metabolic product. We report here that wildtype TOL is naturally derepressed for transfer in its original host, Pseudomonas putida mt-2 (formerly Pseudomonas aruilla mt-2), that it determines thick flexible conjugative pili constitutively, and that it transfers more efficiently on an agar surface compared with when in a liquid environment.
METHODS
Bacterial strains, plasmids and bacteriophages. Bacterial strains are listed in Table 1 . Strain P a w 1 is the original wild-type P. putida mt-2 (ATCC 33015) that harbours pWW0, the original TOL plasmid (Williams & Murray. 1974) ; the strain is designated PaWl(T0L) for this work. Paw340 was supplied by Dr E. A. Barnsley who obtained it from Dr C. J . Duggleby. Strain PaW340.3 is a non-motile (Fla-) mutant of strain Paw340 constructed by conventional mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (Sigma). This mutant did not spread on a nutrient agar plate covered with a layer of soft nutrient agar 10.33% (w/v) agar], whereas motile strains spread over 1-2 cm. The plasmid pWW0-226 was constructed by the insertion into TOL (= pWW0) of transposon Tn401 (see Benson & Shapiro, 1978) , followed by benzoate curing (Williams & Murray, 1974) , which results in the loss of the specific 39 kb region containing the catabolic genes (Downing et al., 1979) but the retention of the Tn4UI element; self-transmissibility is retained. PpSl094(TOL : : Tn401) was supplied and described by Benson & Shapiro (1978) , and P. putida PpS388 (plasmid-free) by Dr M. Fennewald (Fennewald et a/., 1978) . Dr G . Jacoby D . E . BRADLEY A N D P. A . WILLIAMS provided P. putida AC37(TOL), the AC37 background being derived from strain PpGl ofthe Gunsalus collection (Rheinwald rt a/., 1973). The bacteriophages used were PR4 (Stanisich, 1974; Bradley & Rutherford, 1975) and PRDl (Olsen et al., 1974) .
Media, culture methods and matings. Oxoid tryptone soya broth was used routinely, with 2% (w/v) agar added for plates. M9 minimal salts medium with 2% (w/v) agar, 5 mwm-toluate, and an appropriate amino acid supplement (20 pg mI-'), was used to test or select for the Tol+ phenotype. All incubations were at 30°C. Sensitivity to bacteriophages was assessed by the standard spot and cross-streak methods. Comparative surface and liquid matings were done by the method of . Transconjugant-selecting plates contained rn-toluate medium or nutrient agar with carbenicillin (2 mg ml-' ) for plasmid selection, and nalidixic acid (200 pg ml-I) or streptomycin (800 pg ml-' ) for counterselection against donors. Construction of strains by plasmid transfer was by the cross-streak method of Barth (1979) using rifanipicin (100 pg ml-I) for counterselection.
Electron microscopy. Electron microscopy of Pseudomonas conjugative pili is hampered by the bacteria producing large amounts of extraneous filamentous material and numerous flagella; this applies particularly to P. putida. This was largely overcome by constructing strain PaW340.3 (Fla-) described above. The temporary derepression growth method (Bradley, 1980b) , together with a modification for derepressed plasmids, enhanced pilus production. The modified method consisted of mixing a loopful of a 4 h plate culture of strain PaW340.3(TOL) with about half the amount of strain PaW340.3 resistant to rifampicin, on a nutrient plate in a drop of broth. After spreading, drying, and mating for 1 h, as many bacteria as possible were resuspended in a drop of broth on a nutrient plate containing rifampicin (100 pg ml-'), spread, and incubated overnight. The confluent bacterial growth was mounted by the method of Bradley (1980h) , or by centrifugation to reduce the number of cells on the grid. For the latter, 0-1 ml of 0-1 M-ammonium acetate solution was placed in the bottom of a conical centrifuge tube (bottom diameter 5 mm) and a large loopful of cells was suspended in it. After mixing briefly, using a rotary mixer. the tube was centrifuged at about 1OOOgfor 2.5 min. Most of the bacteria were sedimented without the pili. A carbon-coated grid was then touched on to the surface, washed, and negatively stained. To demonstrate phage PR4 adsorption, the supernatant from the centrifugation was mixed with an equal volume of PR4 suspension (titre 10'0 p.f.u. ml-I ) in broth, incubated for 1 h, then negatively stained. Alternatively, the ammonium acetate solution in the centrifuge tube was replaced with PR4 suspension. After centrifugation and incubation for adsorption, a grid was touched on the surface and negatively stained.
RESULTS

Lytic actitvity of' bacteriophages
Spot test results for phages PR4 and PRDl are given in Table 1 . Complete lysis was obtained with PR4 and susceptible strains, but PRD 1 gave slightly less clearing. Lysis of bacterial strains by plasmid-specific phages can only occur if the plasmid specifying sensitivity determines receptors (conjugative pili) constitutively (see Meynell et al., 1968) , as is the case with TOL and its derivatives when they are in a P a w background. However, the P. putida strain PpS1094(TOL : :Tn401) was not lysed by the phages, indicating repression of the transfer system of the plasmid. In order to determine whether or not the repression was due to the host or the plasmid, we transferred TOL : : Tn401 to Paw340 and found that transconjugants were lysed by the phages, indicating host-controlled repression. Similarly, TOL became repressed in P. putida PpS388 when transferred from P a w 1, and regained its state of derepression when transferred back into a P a w background (PaW340). The lysis of P. putida AC37(TOL) (which has no known connection with P. putida mt-2) by phages PR4 and PRDl showed that the natural derepression of TOL was not restricted to a P. putida mt-2 host.
Transfer frequencies of T O L for liquid and solid media
Under optimum mating conditions (plate mating), TOL transferred about 1 000-fold better in a P a w background (derepressed) than it did when in its repressed state in P. putida PpS388 ( Table 2 ). In its derepressed state the plasmid transferred between 17-fold and 84-fold better on plates than in broth. No transfer could be detected at the level of sensitivity obtainable for liquid matings when TOL was repressed (Table 2 ; sensitivity limited by plate mating on transconjugant-selecting plates). Little significance can therefore be attached to these plate/broth transfer frequency ratios.
Characteristics of the T O L pili
TOL pili formed dense aggregates of filaments; the largest aggregate found is shown in Fig.  1 a. The basically flexible nature of the pili is clearest on the left of the micrograph. Aggregates were mainly composed of short straight rods with longer pili bending among them. Pili were pointed at one end ( Fig. 1 b, right) and occasionally had what appeared to be a basal structure at the other end ( Fig. 1 c, left; see Bradley, 1980b) . Figure 1 (c) also suggests that TOL pili are rigid, breaking easily like N pili (Bradley, 1979) , but a broken pilus cannot always be differentiated from two short ones attached end-to-end. Similar broken pili were rare. Pili were determined constitutively (in large numbers; see Bradley, 1980a) only by derepressed TOL (Table 1) . When repressed (in PpS388 and PpS1094 backgrounds), mostly single pili were found at a frequency of about 1 on each square of an electron microscope specimen support grid. TOL pili were 8.5-10 nm thick depending on the negative staining conditions.
Adsorption of bacteriophuge PR4 to TOL pili
The plasmid-specific, short-tailed phage, PR4, adsorbs to the tips of appropriate conjugative pili (Bradley, 1976 (Bradley, , 1979 Bradley & Cohen, 1977) . In an adsorption mixture of TOL pili and PR4 phage virions, about half the aggregates of pili had adsorbed virions, generally only one. Larger aggregates had several phage (Fig. l a , arrowed) . Tails were not usually visible. 1.2 x 10-2 2.0 x 10-2 1.0 x 10-2 <4.0 x lo-' (2.4 x 10k6 (7.3 x 10-8 < 8 3 x 5.2 x 10-3 18 16 90 77 > 100 >21 > 860 > 590 * Plasmid selection followed by donor counterselection. Abbreviations : Mt, nr-toluate medium (see Methods); t Expressed to the nearest whole number.
Sm, streptomycin (800 pg ml-I); Cb, carbenicillin (2 mg ml-I); Nal, nalidixic acid (200 pg ml-I). Fig. 1. ( a ) A large aggregate of TOL pili determined by strain PaW340.3(TOL) grown by a modified 'temporary derepression' method followed by adsorption of phage PR4 (see Methods). Arrows indicate PR4 virions. (b) A long pilus, with its pointed tip on the right from an overnight plate culture of strain PaW226(pWWO-226); the thick rods are flagella. (c) What appears to be a broken pilus from a 6 h plate culture of strain PpS1094(TOL : :Tn401). ( d ) A PR4 phage virion with two TOL pili attached to it (phage tail not present) from an overnight plate culture of strain PaW340.3(TOL) following PR4 adsorption (see Methods). In each case the bar markers represent 100 nm.
D . E . B R A D L E Y AND P . A . W I L L I A M S I
One example of a virion with two TOL pili attached to it was found (Fig. 1 d) . While it might be considered that PR4 adsorption to TOL pili as seen in the electron microscope is an artefact, the absence of virions attached to any other part of the pilus (e.g. the sides) is virtually conclusive evidence of specificity (Bradley, 1976) . PR4 adsorption to N pili is similar (Bradley, 1979) . PR4-resistant mutants of' strain Pa W340.3( TOL) These spontaneous mutants were prepared in order to determine whether or not the plasmid and/or TOL pili were lost; colonies from double layer agar plates of PaW340.3(TOL) that had been confluently lysed by the phage were grown on nutrient plates previously spread with PR4 suspension. After purification, 72 out of 77 clones were Tol+. We checked 1 Tol-and 15 Tol+ clones for TOL pili by electron microscopy. This eliminated 7 of the 15 Tol+ clones : 6 contained numerous PR4 virions (probable PR4 'carrier' strains) and one later proved to be still PR4-sensitive. No pili were found for any of the remaining 8 clones, or the Tol-clone. We tested the 8 Tol+ clones for transfer to strain PaW340.3 Rifr (resistant to rifampicin) by the cross-streak method (Barth, 1979) , but none was detected. Because this method was possibly not sufficiently sensitive to detect low-frequency transfer, we tested two clones using plate mating. They did, in fact, transfer (frequencies 1.6 x transconjugants per donor h-l). We think it is probable that these clones determined pili, but too few for detection by electron microscopy. and 3.1 x DISC U SSI 0 N Our spot tests for the lytic activity of phages PR4 and PRDl are consistent with those of White & Dunn (1978) . However, they did not test the original wild-type P.putida mt-2 and so did not obtain complete lysis with any of their strains (the majority of which were P. aeruginosa in which TOL is apparently repressed). Our results show that the state of repression of the TOL transfer operon depends upon the host organism. This is reflected both in the ability of phages PR4 and PRDl to lyse TOL+ strains, and in the transfer frequencies obtained under optimum mating conditions. Wild-type TOL (pWW0) transfers from PaWl(T0L) at about 2-5 x 10-1 transconjugants per donor h-l, which is certainly a derepressed frequency . However, we also found that spontaneous PR4-resistant mutants of strain PaW340.3(TOL) contained a repressed version of TOL, presumably similar to TOL.l in host strain PpS388 (Table 1) .
TOL transferred 17-fold better on a surface than in liquid, and the derived plasmid, pWW0-226, transferred 84-fold better. TOL therefore determines a 'surface-preferred' conjugation system as opposed to a 'surface-obligatory' system (plasmids transfer >lOOO-fold better on a surface) or a 'universal' system (transfer is equally good in both environments). However, these different systems have only been demonstrated for E. coli K 12 plasmids and it is not known whether or not they are so well defined for Pseudomonas plasmids. A similar situation exists for the three morphological types of conjugative pili identified for E. coli K 12 (Bradley, 1980a) but not for Pseudornonas. These are : rigid (for 'surface-obligatory' conjugation systems), thick flexible (for 'surface-preferred' or 'universal' systems), and thin flexible (for 'universal' systems). In a preliminary investigation (Bradley, 198 1) it was thought possible that TOL determined two pilus types, one rigid and one flexible, but we have only found the latter. However, it has been pointed out that the classification of pili as being flexible or rigid is necessarily somewhat arbitrary and subjective (Bradley, 1980a) , relying on their appearance in the electron microscope. A current survey of Pseudornonas conjugative pilus morphology should reveal whether or not such a classification can be reliably applied to pili of this genus. Our observations are consistent with the hypothesis that TOL pili, like other conjugative pili, are involved in plasmid transfer.
We are grateful to Jeannette Fleming and Doris Cohen for valuable technical assistance, and to the Medical Research Council of Canada for financial support (grant no. MA5608).
